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Pseudomonas aeruginosa produces a blue pigment, pyocyanin. Pyocyanin is a redox-active phenazine
compound that kills mammalian and bacterial cells through the generation of reactive oxygen intermediates.
We examined the mechanisms by which P. aeruginosa resists pyocyanin. [14C]pyocyanin was taken up by both
Escherichia coli and P. aeruginosa, though more slowly by the latter. Cyanide-insensitive respiration, used as
an indicator of intracellular superoxide and/or hydrogen peroxide production, was 50-fold less in pyocyanin-
treated P. aeruginosa than in E. coli. P. aeruginosa showed less cyanide-insensitive respiration than E. coli
upon exposure to other redox-active compounds (paraquat, streptonigrin, and plumbagin). Electron paramag-
netic resonance spectrometry and spin trapping showed that P. aeruginosa generated less pyocyanin radical
and superoxide than E. coli. Cell extracts from E. coli contained an NADPH:pyocyanin oxidoreductase which
increased the rate of reduction of pyocyanin by NADPH. Conversely, cell extracts from P. aeruginosa contained
no NADPH:pyocyanin oxidoreductase activity and actually decreased the rate of pyocyanin-mediated NADPH
oxidation. Antioxidant defenses could also reduce the sensitivity of P. aeruginosa to pyocyanin. Under culture
conditions of limited phosphate, both pyocyanin production and catalase activity were enhanced. Superoxide
dismutase activity was also increased under low-phosphate conditions. When cells were grown in a
high-phosphate succinate medium, P. aeruginosa formed a previously described iron-superoxide dismutase as
well as a manganese-cofactored superoxide dismutase. These results demonstrate that P. aeruginosa resists
pyocyanin because of limited redox cycling of this compound and that under conditions favoring pyocyanin
production, catalase and superoxide dismutase activities increase.
Pseudomonas aeruginosa synthesizes a characteristic
blue, chloroform-soluble compound called pyocyanin (1-
hydroxy-5-methyl-phenazine). Pyocyanin has been shown to
inhibit mammalian cell respiration (42), disrupt the beating of
human cilia (46), and inhibit both epidermal cell growth (8)
and lymphocyte proliferation (40). Pyocyanin has been re-
covered from the pulmonary secretions of cystic fibrosis
patients infected with P. aeruginosa in concentrations that
inhibit ciliary beating in vitro (46). Pyocyanin also has
antibiotic activity against a wide variety of microorganisms
(39), which may benefit P. aeruginosa by elimination of
competing microorganisms (1, 19).
Pyocyanin can exist in either oxidized or reduced form,
the latter being an unstable free radical which reacts rapidly
with molecular oxygen. This autoxidation leads to the for-
mation of superoxide (02-), hydrogen peroxide (H202), or,
in the presence of metal catalysts (e.g., iron), the hydroxyl
radical (HO'). Hassan and Fridovich (19) described a mech-
anism for the toxicity of pyocyanin whereby electron flow
from biological pathways is diverted to increase the produc-
tion of intracellular 02 reduction products, leading to cell
death (21). It is of particular interest that P. aeruginosa, a
"strict" aerobe, is itself insensitive to pyocyanin (1) and
seemingly escapes free-radical injury during production of or
exposure to this compound.
02 can be reduced in a sequential univalent manner to
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form 02, H202, or, in the presence of an Fe2+ catalyst,
HO. If not removed, these oxygen reduction products are
toxic to the organisms (13). During pulmonary infection, P.
aeruginosa is probably under considerable oxidative stress
due to phagocytic cells generating antimicrobial oxygen
reduction products which include 02, H202, hypochlorous
acid (HOCI), and possibly HO (28). Also, epithelial cells
from cystic fibrosis patients have been shown to consume
two- to threefold more oxygen than normal cells (43), which
could exacerbate oxidative stress. Thus, during infection of
the cystic fibrosis-affected lung, P. aeruginosa is probably
under high oxygen stress through exposure to 02 reduction
products of endogenous oxygen metabolism and to exoge-
nous oxidants generated by stimulated phagocytic cells.
Like most cells capable of aerobic respiration, P. aeruginosa
possesses antioxidant enzymes to dispose of potentially
toxic oxygen reduction products. Superoxide dismutase
(SOD), catalase, and peroxidase are the main enzyme sys-
tems employed by aerobic bacteria to detoxify 02- and
H202 (13, 14). It is noteworthy that culture conditions which
promote the highest levels of pyocyanin production by P.
aeruginosa (i.e., low phosphate with iron) also correlate
with high levels of catalase (19).
Little is currently known about the defense mechanisms
employed by this opportunistic pathogen to resist pyocyanin
biosynthesis. In this report, in order to better understand the
ability of P. aeruginosa to survive overall oxidative stress,
we examine possible mechanisms used by P. aeruginosa to
resist this toxic antibiotic pyocyanin. In the course of these
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TABLE 1. Bacteria used in this study
Strain Relevant genotype (reference)





ATCC 27853 Pyocyanin+, wild type P. Gilligan
FRD2 Pyocyanin+, prototrophic, D. Ohman
isolate from patient with
cystic fibrosis
PA01 Wild type B. Holloway
PADE A47E1 phnA trpE D. Essar (10)
studies, new properties of P. aeruginosa catalase and SOD
were encountered.
MATERIALS AND METHODS
Bacteria, culture media, and growth conditions. Bacterial
strains used are listed in Table 1. L broth was composed of
10% Bacto-Tryptone (Difco), 5% Bacto-yeast extract (Dif-
co), and 5% NaCl and was supplemented with 0.5% glucose
for some experiments. TSY broth was 3% Trypticase soy
broth (Bethesda Research Laboratories) and 0.5% yeast
extract. Succinate minimal medium was prepared according
to Cox (7) and contained 20 mM sodium succinate, 40 mM
NH4Cl, 2 mM K2SO4, 0.4 mM MgCI2, 1 ,uM MnCI2, 1 ,uM
CaSO4, 1 puM ZnCl2, 1 FM FeCI3, and 10 mM morpholine-
propanesulfonic acid (MOPS), pH 7.4. Low- and high-
phosphate succinate media (LPSM and HPSM) contained
0.1 and 4.0 mM potassium phosphate (KPi, pH 7.4), respec-
tively. Media were inoculated from single colonies or with an
overnight culture (1%) and incubated with shaking (150
cycles per min) at 37°C to mid-logarithmic phase (approxi-
mately 4 x 108 cells per ml). Where indicated below,
overnight cultures were used.
Cell extracts. Cell extracts of mid-logarithmic-phase or
overnight-grown organisms were prepared from cells har-
vested by centrifugation (10,000 x g for 10 min at 4°C). The
pellet was suspended in cold 50 mM KPi (pH 7.0) for catalase
assays, 50 mM KP1-0.1 mM EDTA (pH 7.8) for SOD assays,
or Tris HCl (pH 7.4) for polyacrylamide gel electrophoresis.
Cells were disrupted at 0°C by sonication (three 30-s bursts;
setting 60; relative output, 0.8) with a Fisher Sonic Dismem-
brator model 300 with a microtip. Sonicates were examined
by light microscopy to ensure >99% cell disruption. Cell
debris was removed by centrifugation (100,000 x g for 1 h at
4°C), and the supernatants were dialyzed exhaustively
against the buffers described above.
EPR: pyocyanin free-radical detection. To detect the accu-
mulation of the pyocyanin radical (PCN ) within cells, bac-
teria were grown in L broth with 0.5% glucose to mid-
logarithmic phase. Pyocyanin (1 mM) was added, the cell
suspension was transferred to a flat quartz electron paramag-
netic resonance spectroscopy (EPR) cuvette, and spectra
were recorded on a Varian Associates model E-9 spectrom-
eter (Palo Alto, Calif.). PCN was represented by a 7-line
spectrum that was monitored for 26 min by using three
sequential scans initiated 2 min after the addition of pyocy-
anin. Instrument settings are given in figure legends.
EPR: spin trapping. To measure oxygen-centered radicals
formed after exposure to pyocyanin, a spin-trapping tech-
nique similar to that described by Schellhorn et al. was
employed (38). Bacteria were grown in TSY to mid-logarith-
mic phase, collected by centrifugation (10,000 x g for 10
min), and suspended in cold Chelex 100 (Bio-Rad)-treated 50
mM KPi (pH 7.0)-0.1 mM diethylenetriaminepentaacetic
acid (Sigma). Cell densities were adjusted to an optical
density at 600 nm of 1.0, and cells were incubated for 5 min
at 37°C in a shaking (100 rpm) water bath. Glucose (0.5%),
0.1 M 5,5-dimethyl-1-pyrroline-1-oxide (DMPO; provided by
Ron Mason, National Institute of Environmental Health
Sciences, Cary, N.C.), and pyocyanin (20 FxM) were then
added. DMPO is a nitroxide which reacts with 02 or HO to
form spin-trapped adducts with characteristic spectra which
can be visualized by using EPR (20, 38). Thorough reviews
of spin trapping in biological systems with DMPO are
documented elsewhere (34, 37). At 2 min 40 s after the
addition of pyocyanin, the spectrum was recorded on a
Varian Associates model E-9 spectrometer. An increase in
signal amplitude due to the formation of the DMPO-OH
spin-trapped adduct occurs in the presence Of 02 at the
expense of the short-lived DMPO-OOH adduct (12, 20).
Where indicated, 500 U of SOD (Sigma) or catalase (Boehr-
inger Mannheim; SOD-free grade) was added to prevent the
interaction of 02 or HO, respectively, with DMPO.
Preparation of ['4C]pyocyanin. [14C]pyocyanin was pre-
pared by growing P. aeruginosa FRD2 in 1 liter of LPSM
containing 50 pLCi of [1,4-14C]succinate and 50 ,uCi of [2,3-
14C]succinate (New England Nuclear) for 17 h at 37°C with
rapid shaking. Cells were removed by centrifugation (10,000
x g for 20 min), and the blue pyocyanin was extracted with
200 ml of chloroform. The chloroform phase was removed
and extracted with 0.2 N HCI, which converted pyocyanin to
the acidic (red) form. The original culture supernatant was
adjusted to pH 7.0 with 2 M Tris HCl (pH 8.0), and the
chloroform-acid extraction procedure was repeated until no
residual radioactivity could be detected in wash samples.
Chloroform was removed by evaporation under a stream of
air, and the pyocyanin was dissolved in water, sterile fil-
tered, and stored in darkness at 4°C. The specific radioac-
tivity of the [14C]pyocyanin obtained was approximately
20,000 cpm/mmol.
Uptake of [14C]pyocyanin. Cultures (25 ml) were grown
with rapid aeration at 37°C in TSY to logarithmic phase.
Cells were collected by centrifugation (10,000 x g for 10 min
at 4°C) and suspended in 1.0 ml of 50 mM KP, (pH 7.0). To
each 0.5-ml sample (1010 cells) was added 0.5 ml of 6.5 mM
[14C]pyocyanin, which was incubated at 37°C in a rotary
apparatus for 30 min. Cells were collected again by centrif-
ugation (13,000 x g for 2 min), and the supernatant was
removed by aspiration. The wet weight and protein concen-
tration of the pellet were determined as denominators. The
pellet was resuspended in 0.5 ml of 50 mM KPi (pH 7.0) and
added to 10 ml of Quantifluor (Mallinckrodt), and the amount
of label retained in the clarified cells was determined in a
liquid scintillation counter. Pellets were not washed because
it was reported that this caused considerable leakage of
paraquat, another redox-active compound, in studies with E.
coli (27).
Oxygen consumption. Cell respiration that was insensitive
to cyanide (KCN) and mediated by xenobiotic compounds
(i.e., pyocyanin, paraquat, streptonigrin, and plumbagin)
was measured with a Clark-type oxygen electrode (Yellow
Springs Instrument Co., Yellow Springs, Ohio). Cells used
were taken from mid-logarithmic-phase cultures in TSY,
washed, and suspended in 50 mM KPi-1.0 mM MgSO4 (pH
7.0) to a final volume of 1.8 ml at 37°C according to the
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method of Hassan (15). Stock solutions of KCN, glucose,
and redox-cycling compounds were prepared fresh immedi-
ately prior to use. KCN and pyocyanin were kept in the
dark.
NADPH-redox compound-dependent oxidoreductase ac-
tivity (18) was measured in cell extracts prepared as de-
scribed above and containing 400 ,ug of dialyzed cell extract
protein, 0.5 mM NADPH (prepared fresh), and either 0.1 or
1 mM of a redox cycling agent. The amount of oxygen
consumed in the presence of redox-active compounds was
calculated after the trace rate of oxygen consumed without
the redox cycling agent was subtracted, and the values
obtained were expressed as nanomoles of oxygen consumed
per minute per milligram of protein.
Biochemical assays. Catalase activity was measured by
monitoring the decomposition of H202 at 240 nm according
to the method of Beers and Sizer (2) in 50 mM KPi (pH 7.0).
One unit of activity was that which decomposed 1 ,umol of
H202 per min at room temperature when 17.6 mM H202 was
used. SOD was assayed according to the method of McCord
and Fridovich (31). Protein in cell extracts was estimated by
the method of Bradford (3), with bovine serum albumin as
standard. Dialyzed cell extracts were separated by electro-
phoresis on 7.5% (for catalase) or 10% (for SOD) nondena-
turing polyacrylamide gels. Prior to application of samples, a
current was applied to catalase gels in the presence of 0.1
mM sodium thioglycolate to remove remaining oxidants
(e.g., ammonium persulfate) which might cause multiple
catalase activity bands (19a). Catalase and SOD electro-
morphs were visualized after being stained for activity (6).
Pyocyanin generated by P. aeruginosa was extracted with
chloroform (1 volume of chloroform:5 volumes of culture
filtrate), and the A690 was monitored by using an extinction
coefficient ofElm = 164 (6). NADH was measured accord-
ing to the enzymatic cycling method described by Lowry and
Passaneau (30). NADPH was measured according to the
method of Kirkman et al. (26).
Preparation of SOD apoenzymes and reconstitution of ac-
tivity with iron or manganese salts. P. aeruginosa was grown
overnight at 37°C with agitation in 1 liter of either TSY
(which allows expression of only Fe-SOD) or HPSM [con-
taining 0.25 ,uM Fe(NO3)3 and 300 ,uM MnCI2, which allows
expression of both Fe-SOD and Mn-SOD]. Cells were col-
lected by centrifugation (10,000 x g at 4°C) and disrupted by
sonication as described above. Cell extracts were dialyzed
against 50 mM Tris HCI (pH 7.4)-0.1 mM EDTA. Metals
were removed, and proteins were denatured by dialysis of
the cell extracts against 2.5 M guanidium chloride-20 mM
8-hydroxyquinoline-5 mM Tris HCI-0.1 mM EDTA (pH 3.8)
according to the method of Kirby et al. (25). The sample was
then split into three parts. The first was dialyzed for 24 h at
4°C against 5 mM Tris HCl-0.1 mM EDTA (pH 7.8) which
had been treated with Chelex-100 (Bio-Rad) to remove
traces of iron and manganese. The other two samples were
dialyzed against 1 mM FeNH4(SO4)2-5 mM Tris HCI (pH
7.8) or 0.1 mM MnCl2-5 mM Tris HCI (pH 7.8) for 12 to 18
h. Any precipitated material was removed by centrifugation
prior to a final exhaustive dialysis against 5 mM Tris HCI
(pH 7.8) for 18 h. The iron-reconstituted enzyme was pre-
pared while nitrogen was vigorously bubbled through the
system at 4°C.
RESULTS
Effect of pyocyanin on growth and its uptake by bacteria.
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FIG. 1. Effect of pyocyanin (PCN) on growth of E. coli and P.
aeruginosa. Bacterial cultures were incubated in TSY at 37°C on a
rotary shaker at 140 rpm. Growth was monitored over time at 500
nm, and absorbances greater than 1.0 were based on measurement
of dilutions. OD5(O nm' optical density at 500 nm.
ability to inhibit bacterial growth. When pyocyanin (100 ,uM)
was added to cultures of E. coli growing in TSY medium, the
rate of increase in optical density was approximately one-
sixth to one-seventh that of untreated cultures (Fig. 1). In
contrast, pyocyanin had no detectable effect on the growth
rate of P. aeruginosa.
To determine the relative uptake of pyocyanin by P.
aeruginosa, ['4C]pyocyanin (6.5 mM, 130,000 cpm) was
incubated for 30 min with 1010 bacterial cells. The E. coli
cells retained about 10% of the [14C]pyocyanin (13,617 cpm
± 2%), and the P. aeruginosa cells retained about 4.2%
(5,453 cpm ± 7%).
Effects of pyocyanin on cellular respiration. Cyanide-insen-
sitive respiration (CIR) has previously been measured by
oxygen respirometry and used as an upper-limit indicator of
the degree of diversion of intracellular electron flow as
mediated by redox-active compounds (i.e., pyocyanin) (15,
16). As expected, oxygen electrode tracings showed that
when glucose was added to an E. coli suspension (Fig. 2A),
the rate of oxygen consumption was rapid until 1 mM KCN
was added. The subsequent addition of 100 ,iM pyocyanin
resulted in approximately 98% CIR (Fig. 2A). P. aeruginosa
also demonstrated rapid oxygen consumption in the pres-
ence of glucose; this consumption was inhibited by 10 mM
KCN, although the time required to inhibit respiration was
approximately five times longer than that observed with E.
coli even though 10 times more KCN was used (Fig. 2B).
Following the addition of 100 ,uM pyocyanin, P. aeruginosa
demonstrated only 2 to 8% CIR (Fig. 2B). Higher rates of
CIR in E. coli than in P. aeruginosa were also observed with
other redox-active compounds, including paraquat, strep-
tonigrin, and plumbagin (data not shown).
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FIG. 2. Effect of pyocyanin (PCN) on the rate of CIR in E. coli
RR1 (A) and P. aeruginosa ATCC 27853 (B). The tracing (reading
from right [time zero] to left) was made by using an oxygen electrode
to measure increasing (bottom of figure represents air-saturated
buffer; top represents oxygen-depleted buffer) oxygen consumption
after the sequential addition of bacteria, 0.5% glucose, KCN (1 mM
for E. coli or 10 mM for P. aeruginosa), and 100 ,uM pyocyanin in a
total volume of 1.8 ml. Percentage values of CIR reported in the text
are calculated as (respiratory rate in the presence of KCN/respira-
tory rate in the absence of KCN) x 100. The results are typical of at
least three separate experiments.
Free radicals formed by cellular metabolism of pyocyanin.
EPR has been used to detect the formation of free-radical
species in biological and chemical systems (20, 38). We
monitored the abilities of E. coli and P. aeruginosa to
generate reduced pyocyanin (PCN ), a free-radical species
(9, 23) which would accumulate over time because of the
anaerobic conditions developing within the EPR cuvette.
When E. coli cells were exposed to 1 mM pyocyanin, high
levels of PCN were rapidly formed, as indicated by an
increase in the relative amplitude seen over three consecu-
tive scans (Fig. 3A-C). In contrast, the small increase in
amplitude with pyocyanin-treated P. aeruginosa indicated
the accumulation of markedly less PCN (Fig. 3D-F). Seven
other P. aeruginosa strains, originally isolated from the
sputa of infected patients with cystic fibrosis, all produced
similar results (data not shown). It is possible that once the
PCN is formed intracellularly, it diffuses from the cell by a
mechanism similar to that by which reduced paraquat dif-
fuses from E. coli (18).
We determined the species of oxygen radical generated by
aerobic exposure of the bacteria to pyocyanin. When E. coli
cells were treated with 20 ,uM pyocyanin in the presence of
the spin-trapping agent DMPO, a DMPO-OH signal indicat-
ing the production of 02 was detected (Fig. 4, scan C). The
addition of catalase decreased the signal amplitude by -50%
(Fig. 4, scan D), likely a peroxidatic effect on the adduct.
However, the addition of SOD completely eliminated the




FIG. 3. EPR spectra of reduced pyocyanin in E. coli RR1 and P.
aeruginosa ATCC 27853 cell suspensions following treatment with
pyocyanin. Recording of each set of three spectra began 2 min after
the addition of 1 mM pyocyanin to 3 x 108 mid-log-phase cells per
ml. Scans A, B, and C were sequential scans of E. coli; scans D, E,
and F were of P. aeruginosa. Microwave power was 20 mW,
microwave frequency was 9.446 GHz, field set was 3,316 G, scan
range was 80 G, modulation frequency was 100 kHz with an
amplitude of 1 G, scan time was 8 min, response time was 1.0 s, and
receiver gain was 2.5 x 104. The results are typical of three separate
experiments.
were treated with 20 ,uM pyocyanin, no DMPO-OH signal
was detected (Fig. 4, scan F).
Cytoplasmic NADPH reductase activity. Pyocyanin can be
reduced nonenzymatically by NAD(P)H (7, 19, 38) to the
free-radical form, which, in turn, can react with molecular
oxygen to form either 02 or H202, resulting in an increase
in the rate of oxygen consumption. KCN was included in
these reactions to inhibit catalase, a competitor of this
reaction. The addition of E. coli cell extracts increased this
rate of reaction between NADPH and pyocyanin, indicating
the presence of an enzyme or factor with NADPH:pyocya-
nin oxidoreductase activity (Table 2). In contrast, extracts of
P. aeriuginosa grown in TSY contained no NADPH:pyocy-
anin oxidoreductase activity (Table 2). In fact, when extracts
of P. aeriuginosa were added to the mixture (pyocyanin,
NADPH, and KCN), the background rate of oxygen con-
sumption actually decreased approximately 50% (data not
shown). P. aeruginosa extracts did not contain NADPH
oxidase activity, which could account for the lack of pyocy-
anin:NADPH reductase activity (data not shown).
We also compared the NADPH oxidoreductase activities
dependent on other redox-active compounds in extracts of
E. coli and P. aeruginosa. E. coli is known to possess a
cytosolic NADPH:paraquat oxidoreductase (18) that re-
duces the redox-active compound paraquat to the monoca-
tion radical. This, in turn, reacts with molecular oxygen to
VOL. 60, 1992




FIG. 4. Spin trapping of oxygen-centered radicals after exposure
of E. coli and P. aeruginosa to pyocyanin. Bacteria examined were
E. coli RR1 and P. aeruginosa ATCC 27853. In these spectrometric
tracings, increased signal amplitude indicates the presence Of 02-
Microwave power was 20 mW, modulation frequency was 100 kHz
with an amplitude of 1.0 G, sweep time was 12.5 G/min, and gain
was 2.5 x 104 with a response time of 1.0 s. Scan A, glucose,
DMPO, and pyocyanin; scan B, E. coli, glucose, and DMPO; scan
C, glucose, DMPO, pyocyanin, and E. coli; scan D, glucose,
DMPO, pyocyanin, E. coli, and catalase (500 U; Boehringer Mann-
heim catalase is free of any contaminating SOD); scan E, glucose,
DMPO, pyocyanin, E. coli, and SOD (500 U); scan F, P. aerugi-
nosa, glucose, DMPO, and pyocyanin.
rapidly form 02- (11). NADPH:paraquat oxidoreductase
activity was found to be approximately eightfold higher in
KCN-treated cell extracts of E. coli than in extracts of P.
aeruginosa (Table 2). NADPH:streptonigrin and NADPH:
plumbagin oxidoreductase activities were three- and twofold
higher, respectively, in E. coli than in P. aeruginosa (Table
2).
Another possible explanation for resistance of P. aerugi-
nosa to pyocyanin might be a decrease in the biosynthesis of
critical substrates such as NADH and NADPH. We mea-
TABLE 2. Effects of redox-active compounds on cytoplasmic
NADPH oxidoreductase activity in extracts
of E. coli and P. aeruginosa
NADPH oxidoreductase activity" (nmol of
02 consumed/min/mg) in extract of:
Redox-active P aeruginosa
compound (concn) E. coli RR1 ATCC 27853
+KCN -KCN +KCN -KCN
Pyocyanin (0.1 mM) 25 34 0 ob
Paraquat (1 mM) 64 46 8.5 4.7
Streptonigrin (0.1 mM) 112 69 35 35
Plumbagin (0.1 mM) 503 266 238 184
" Cell extracts assayed were from bacteria grown to mid-logarithmic phase
in TSY. Pyocyanin:NADPH reductase activity was determined by subtracting
the rate in the absence of cell extract. Each result is the mean of three separate
experiments in which the standard errors deviated by less than 15% in all
cases.
b Addition of P. aeruginosa cell extracts to a solution containing pyocyanin
and NADPH actually caused a 32% decrease in 02 consumption. Further-
more, the addition of KCN+ cell extract decreased the rate an additional 21%.
sured NADH and NADPH levels in mid-logarithmic-phase
and overnight-grown P. aeruginosa ATCC 27853 (which
made no pyocyanin in L broth under assay conditions) and
FRD2 (which synthesized pyocyanin). No differences in
NADPH (-3.5 mmol/mg in mid-log phase and -16 mmol/mg
in overnight cultures) were observed. In addition, no differ-
ences in NADH levels (-42 mmol/mg in mid-log phase and
-19 mmol/mg in overnight cultures) were observed. The
levels of NADH and NADPH in mid-log-phase cell extracts
of E. coli were 15 and 135 mmol/mg, respectively. In
overnight-grown cells, NADH and NADPH levels were 9.2
and 62 mmol/mg, respectively.
Phosphate limitation increases catalase isomorphs in P.
aeruginosa. Antioxidant defenses such as catalase and SOD
may also contribute to the resistance of P. aeruginosa to
pyocyanin, other redox-active compounds, and possibly
oxidants generated by phagocytic cells. We examined P.
aeruginosa catalase and SOD activities in organisms grown
under culture conditions which promote pyocyanin produc-
tion. In a defined growth medium (LPSM) containing 3 F.M
FeNO3, 3 F.M MnCl2, and limited (0.1 mM) phosphate, P.
aeruginosa produced high levels of both pyocyanin and
catalase (Table 3, medium 1). Bacteria grown in a similar
medium (HPSM) with high (4 mM) phosphate produced no
detectable pyocyanin, and catalase activity was four- to
fivefold reduced (Table 3, medium 5).
Extracts of cells grown in LPSM (medium 1, Table 3) and
HPSM (medium 5, Table 3) were electrophoresed on native
polyacrylamide gels and stained for catalase activity. The
electrophoretic profile revealed several bands of catalase
activity in cells grown in LPSM (Fig. 5A). Multiple catalase
activity bands were also seen on agarose gels even when the
gels were treated to remove remaining oxidants which could
potentially react with catalase to form multiple bands (data
not shown). Cells grown in HPSM showed only a single band
of catalase activity (Fig. 5B).
Effect of pyocyanin biosynthesis on catalase levels in P.
aeruginosa. To determine whether pyocyanin production
stimulates catalase production directly in P. aeruginosa, we
examined a pyocyanin-defective mutant. Strain PADE
A47E1 (10), derived from wild-type strain PAO1 (22), has
defects in the synthesis of the a subunit of anthranilate
synthase (phnA) and in a tryptophan-related biosynthetic
gene (trpE) which reduce the formation of pyocyanin by
approximately 98% (10). Strains PAO1 and PADE A47E1
were grown for 18 h in LPSM or HPSM (as described
above), and catalase was measured. Catalase activity was
approximately equivalent in PA01 and PADE A47E1 when
the strains were grown in HPSM, conditions under which
neither strain produces pyocyanin. Under pyocyanin-pro-
ducing conditions (LPSM), PADE A47E1 produced approx-
imately 30% less catalase than the parental strain. However,
both the wild-type and pyocyanin-defective strains showed a
marked stimulation in catalase production (greater than
twofold) under these low-phosphate conditions (Table 4).
When strains PA01 and PADE A47E1 were subjected to
exogenous pyocyanin in overnight cultures in HPSM, both
showed an approximately twofold increase in catalase activ-
ity (Table 4).
Demonstration of a Mn-SOD in P. aeruginosa. In most
isolates from cystic fibrosis patients, including ATCC 27853,
SOD activities were highest under phosphate-limited condi-
tions (Table 3, media 1 through 4). The electrophoretic
patterns of SOD in P. aeruginosa cell extracts were also
examined on native polyacrylamide gels. When grown in
LPSM and various concentrations of iron and manganese, all
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TABLE 3. Effects of phosphate, Fe2", and Mn2 concentrations in growth media on pyocyanin, catalase, and SOD
activities in P. aeruginosa'
Concn of: Activity of:
Medium KPi FeNO3 MnCI2 Pyocyanin Catalase (U/mg SOD (U/mg of
(mM) (>LM) (pLM) (,ug/ml) of protein) protein)
1 0.1 3 3 10.9 2,340 98
2 0.1 30 3 16.5 2,924 167
3 0.1 3 0 5.0 2,265 71
4 0.1 0.6 300 1.6 1,732 54
5 4.0 3 3 <0.1 487 18
6 4.0 30 3 <0.1 830 17
7 4.0 3 0 <0.1 391 19
8 4.0 0.6 300 <0.1 218 23
a Cells were inoculated into defined media (LPSM and HPSM) containing L agar and grown overnight at 37°C with shaking. Cell extracts were prepared in 10
mM MOPS, 20 mM succinate, 400 ,uM MgCI2, 3 ,uM FeNO3, 3 p.M MnCl2, 1 F.M CaSO4, and 1 ,uM ZnC12. Pyocyanin concentration was determined
spectrophotometrically at 690 nm, where El",m = 164. One unit of catalase activity is that amount which degrades 1 ,uM H202 per min at 17.6 mM and room
temperature in 50 mM KPi, pH 7.0. One unit of SOD activity is that amount which causes a 50%o inhibition of the initial rate of cytochrome c reduction. The values
expressed above are expressed as the means of three separate experiments, with each performed in triplicate.
extracts contained a single band of SOD activity (Fig. 6A,
lanes 1 to 4). However, cells grown in HPSM produced an
additional SOD which was electrophoretically (Rf = 0.38)
slower (Fig. 6A, lanes 5 to 8). Cells grown in HPSM which
contains more high manganese (300 ,uM MnCl2) showed a
more intense band of the more slowly migrating SOD,
suggesting that this was a Mn-SOD (Fig. 6A, lane 8). This
SOD band remained even after the gel was soaked in KCN
and H202-EDTA (Fig. 6B, lane 8), a treatment which inac-
tivates the Fe-SOD (5) but not the Mn-SOD of E. coli. KCN
also inhibits the nitrite reductase (cytochrome oxidase) of P.
aeruginosa, which possesses some SOD-like activity (24).
To determine whether the two forms of SOD observed in
P. aeruginosa were distinct, bacteria were cultured in TSY
or HPSM with 300 p.M MnCl2, conditions which enrich for
the Fe-SOD or the putative Mn-SOD, respectively. Cell
extracts of these cultures were treated to remove metals, and
native gel electrophoresis showed that SOD activity was lost
by this treatment (Fig. 7, lanes 3 and 4). The activities of the
SOD apoenzymes (i.e., metal free) could be reconstituted by
addition of either FeNO3 or MnCl2 via dialysis. When the
TSY-grown extract (Fe-SOD enriched) was treated with
iron, the band of Fe-SOD activity returned (Fig. 7, lane 5),
which amounted to 5 to 20% recovery of SOD activity.
However, when the HPSM-grown extract (containing both
Fe- and Mn-SOD) was treated with manganese, only the
A.






FIG. 5. Catalase activity in P. aeruginosa after growth in LPSM
(A) and HPSM (B). Various amounts of protein from dialyzed cell
extracts of P. aeruginosa ATCC 27853 were electrophoresed on
nondenaturing polyacrylamide gels and stained for catalase activity.
Lane 1, 0.5 ,ug; lane 2, 1.0 ,ug; lane 3, 5 ,ug; lane 4, 10 ,ug; lane 5, 20
p.g; lane 6, 40 ,ug. Arrowheads indicate activity bands.
Mn-SOD band of activity (13% recovery in SOD assays) was
restored (Fig. 7, lane 6).
DISCUSSION
Pyocyanin, the blue pigment produced by P. aeruginosa,
has been used to describe both the physiology (7) and
pathogenicity (blue-pus disease) of this bacterium. Pyocya-
nin is toxic at micromolar concentrations to a wide range of
bacterial (1, 19, 39) and mammalian (42, 46, 47) cells.
Pyocyanin possesses redox properties, enabling it to un-
dergo a two-electron reduction to a colorless product (7).
Hassan and Fridovich (19) showed that the oxygen-depen-
dent toxicity of pyocyanin was due to autooxidation by
reduced pyocyanin, leading to 02 and/or H202 generation.
However, pyocyanin appears to have no detrimental effect
on P. aeruginosa, the organism from which it is derived (1;
this study). A goal of this study was to increase our under-
standing of how P. aeruginosa resists pyocyanin biosynthe-
sis under aerobic conditions. In addition, properties of the
antioxidant enzymes catalase and SOD were also studied.
The resistance of P. aeruginosa to pyocyanin added
exogenously could have been due to a mechanism which
blocks the uptake of this compound. P. aeruginosa is well
known for its general tolerance to antibiotics, a phenomenon
which has been ascribed to limited diffusion through the
outer membrane (33). However, the fraction of [14C]pyocy-
anin taken up by cells of P. aeruginosa in 30 min was only
about half that taken up by highly sensitive cells of E. coli.
This difference may be significant but probably does not
conclusively explain the high level of resistance to pyocya-
TABLE 4. Effect of phosphate limitation without pyocyanin
production on catalase activity in P. aeruginosa'




PAO1 (parent) PCN+ 1,088 ± 65 3,770 ± 82 2,164 ± 96
PADE A47E1 PCN- 1,075 ± 38 2,677 ± 110 2,046 ± 60
(trpE phnA)
" Results are the means and standard errors of two separate experiments,
with each assay performed in duplicate.
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FIG. 6. Nondenaturing polyacrylamide gel electrophoresis and
SOD activity staining of cell extracts of P. aeruginosa grown in
LPSM and HPSM as affected by iron or manganese salts. (A) P.
aeruginosa ATCC 27853 was grown under the conditions described
in Table 3, cell extracts were prepared, and 50 ,ug of protein was
loaded onto 10% nondenaturing gels. Lanes 1 to 8 correspond to
media 1 to 8 in Table 3, respectively. (B) Gels were treated with 1
mM NaCN-0.1 mM EDTA-50 mM KP, (pH 7.8) for 30 min at 37°C
and then made 5 mM to H202 and allowed to incubate for 1 h prior
to being stained for SOD activity.
nin displayed by P. aeruginosa in comparison with that of E.
coli.
By inhibiting cellular respiration with cyanide, we found
that 100 FLM pyocyanin was sufficient to cause the rate of
oxygen consumption in E. coli to return to 98% of that seen
during the aerobic metabolism of glucose (i.e., 98% CIR). In
contrast, cyanide-insensitive oxygen metabolism in P.
aeruginosa returned to only 2 to 8% of that seen during the
aerobic metabolism of glucose in the presence of pyocyanin.
Other free-radical-generating agents, including paraquat,
streptonigrin, and plumbagin, also produced a reduced CIR
rate in P. aeruginosa compared with that in E. coli. How-
ever, the neutral quinone plumbagin caused a marked in-
crease in CIR in both bacteria, suggesting that plumbagin is
utilized by P. aeruginosa more readily than other test
compounds.
Following the aerobic uptake of a compound like pyocy-
anin, the diversion of electron flow from normal biological
pathways leads to the formation of oxygen reduction prod-
ucts, including 027, H202, and HO. EPR spectrometry and
spin-trapping techniques show that E. coli cells treated with
pyocyanin form relatively high levels of PCN, and the
production of 02 was observed. In contrast, pyocyanin-
treated cells of P. aeruginosa generated little PCN or 02--
In the spin-trapping system, it is likely that most of the 02
(detected as DMPO-OH) was the result of extracellular 02
formation due to the nearly complete abrogation of
DMPO-OH upon addition of SOD.
An analysis of cell extracts clearly suggested that there
was less intracellular pyocyanin-mediated redox cycling in
P. aeruginosa than in E. coli. Pyocyanin can be reduced
nonenzymatically by NAD(P)H, and this reduced form then
reacts with 02 to form 02 or H202. When this reaction was
measured as an increase in oxygen consumption, the addi-
tion of E. coli cell extracts increased the rate of this reaction,
FIG. 7. Nondenaturing polyacrylamide gel electrophoresis and
SOD activity staining of native, apoenzyme-, Fe-, and Mn-reconsti-
tuted SODs from P. aeruginosa. Cells of P. aeruginosa ATCC 27853
were grown in either TSY or HPSM, and cell extracts were
prepared. Samples were treated to remove metals to obtain the
apoenzymes and then subjected to metal (i.e., Fe2+ or Mn2+ salts)
replacement. The 10% gel was electrophoresed at 4°C and soaked
for 1 h at room temperature in 50 mM KPi (pH 7.8)-i mM KCN.
Lane 1, 5 U of extract from TSY-grown bacteria; lane 2, 5 U of
extract from HPSM-grown bacteria; lane 3, 100 pg of TSY-derived
apoenzyme; lane 4, 100 ,ug of HPSM-derived apoenzyme; lane 5, 2
U of TSY-derived apoenzyme reconstituted with Fe2+ salts; lane 6,
1 U of HPSM-derived apoenzyme reconstituted with Mn2+ salts.
apparently because of an enzyme with NADPH:pyocyanin
oxidoreductase activity. In contrast, extracts of P. aerugi-
nosa contained no such activity and actually decreased the
rate of reaction. This decrease was not caused by an
NADPH oxidase in the P. aeruginosa extracts that could
have accounted for this reaction. Thus, P. aeruginosa con-
tains soluble intracellular factors not present in E. coli which
may contribute to its resistance to pyocyanin-mediated
oxidant stress. Identification of the responsible factor(s) is
currently under way.
Other NADPH oxidoreductase activities dependent on
redox compounds were also examined. Paraquat-, strepton-
igrin-, and plumbagin-dependent rates of oxygen consump-
tion were all lower in extracts of P. aeruginosa than in
extracts of E. coli. In addition, the nearly fourfold-lower
NADPH levels in P. aeruginosa relative to those in E. coli in
overnight-grown cells might play a role in diminishing pyo-
cyanin-mediated oxidative stress.
A related issue is the contribution of antioxidant enzymes
in protection of bacteria from oxidative stress (21). We
examined the production of catalase and SOD under a
variety of conditions, including those which stimulate the
formation of pyocyanin. Hassan and Fridovich (19) reported
that catalase activity increased 66% in pyocyanogenic P.
aeruginosa grown under phosphate-limited conditions. The
influence of phosphate versus pyocyanin in the approxi-
mately fivefold stimulation of catalase activity in LPSM-
versus HPSM-grown bacteria was dissected by using a
mutant (phnA trpE) defective in pyocyanin production. This
mutant contained about one-third less catalase than the
parental strain under phosphate-limited conditions. In addi-
tion, cells that were exposed to exogenous pyocyanin dou-
bled their catalase activities when grown under conditions
(high phosphate) that did not stimulate pyocyanin produc-
tion. Although P. aeruginosa is resistant to pyocyanin, these
results suggest that pyocyanin imparts some redox stress
which probably leads to H202 formation and induction of
increased catalase activity. However, the main signal for the
marked increase in catalase activity in P. aeruginosa ap-
pears to be phosphate limitation and, to a lesser extent,
pyocyanin.
In E. coli, two catalases (designated hydroperoxidases)
have been characterized biochemically (4) and genetically
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(29, 44, 45). Native polyacrylamide gel electrophoresis of
cell extracts from P. aeruginosa demonstrated multiple
bands of catalase activity, which suggests multiple catalases.
Studies are currently in progress at the genetic and protein
levels to substantiate this hypothesis.
Like catalase activity, SOD activity was also stimulated
approximately fivefold by growth of cells in LPSM. It is
possible that phosphate limitation, which stimulates pyocy-
anin production and catalase activity, induces a variety of
other antioxidant and DNA repair systems. SOD, therefore,
may be the first line of defense against pyocyanin-mediated
oxidative stress.
In E. coli, Fe-SOD and Mn-SOD are distinct gene prod-
ucts (25). When E. coli is exposed to hyperbaric oxygen (14),
redox-active compounds (i.e., paraquat; 16, 17), heat shock
(35), ferrous iron chelators (32), or nitrate under anaerobic
conditions in the presence of paraquat (32, 36), the formation
of Mn-SOD (but not Fe-SOD) is stimulated. In Pseudomo-
nas ovalis, a single SOD has been shown to contain Fe or Mn
and thus may display two electrophoretically distinct forms
(48). P. aeruginosa had previously been reported to possess
only Fe-SOD (41). Using P. aeruginosa ATCC 10145, Stein-
man (41) reported formation of Fe-SOD in a medium sup-
plemented with 10 ,uM iron but no manganese. However,
when the iron concentration was limited and the MnCl2 level
was increased to 300 ,uM, we were able to demonstrate an
electrophoretically slower SOD in addition to Fe-SOD.
Further characterization indicated that P. aeruginosa pos-
sesses distinct Fe- and Mn-SODs. Only the Mn-apoenzyme
SOD activity could be recovered following the addition of
manganese, and only its activity was resistant to 1 mM
KCN-5 mM H202-0.1 mM EDTA. As in E. coli, only
Fe-SOD was inactivated by 5 mM H202. In addition, only
the P. aeruginosa Fe-SOD reacted with a rabbit antibody
against the E. coli Fe-SOD (20a).
In summary, this work offers several possible explana-
tions for the resistance of P. aeruginosa to pyocyanin.
Firstly, we demonstrated limited redox cycling of endoge-
nous pyocyanin due to the lack of an NADPH:pyocyanin
oxidoreductase. Secondly, exogenous pyocyanin is taken up
slowly by P. aeruginosa. Thirdly, lower levels of NADPH
under pyocyanogenic conditions may limit the formation of
oxygen reduction species. Lastly, growth of organisms in
media containing low phosphate, which leads to pyocyanin
production, increases catalase activity, which likely offers
further cellular protection. Future studies include the clon-
ing and genetic analysis of the SOD and catalase genes in P.
aeruginosa to better understand the mechanisms of coping
with oxidative stress in this opportunistic pathogen.
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